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Clinical PerspectiveWhat Is New?Higher levels of aortic stiffness are associated with a lower level of cerebral white matter microstructural integrity, including lower fractional anisotropy and higher mean diffusivity, in a sample of community‐dwelling older adults.White matter hyperintensity volume partially accounts for the associations between aortic stiffness and lower cerebral white matter microstructural integrity.What Are the Clinical Implications?Future studies are expected to examine the longitudinal association of aortic stiffness with white matter microstructural integrity, as well as the potential opportunity for preservation of white matter microstructural integrity through the lowering of aortic stiffness among older adults.

Introduction {#jah34895-sec-0008}
============

Neurodegenerative conditions have become an increasingly greater burden among older adults. Cerebral small‐vessel disease, a set of pathological processes of various causes that affect cerebral small arteries, arterioles, and capillaries, is associated with the risk of dementia.[1](#jah34895-bib-0001){ref-type="ref"}, [2](#jah34895-bib-0002){ref-type="ref"} White matter around the basal ganglia, the corona radiata, and the subcortical white matter around the ventricles, as well as subcortical nuclei are supplied by deep penetrating arterioles that are susceptible to pathological changes, such as arteriolosclerosis.[3](#jah34895-bib-0003){ref-type="ref"} Structural and functional neuroimaging techniques, including magnetic resonance imaging (MRI), can quantify morphologic changes in the cerebral small vessels.[3](#jah34895-bib-0003){ref-type="ref"} As detected by MRI, white matter hyperintensities (WMHs) are associated with decreased cognitive performance, particularly executive function.[4](#jah34895-bib-0004){ref-type="ref"}

Microstructural damage to white matter may be found before the detection of WMHs.[5](#jah34895-bib-0005){ref-type="ref"} Although the microstructural pathological features to white matter cannot be captured by conventional MRI,[6](#jah34895-bib-0006){ref-type="ref"} diffusion tensor imaging (DTI) is an MRI tool that quantifies the microstructural integrity of white matter. DTI uses a tensor model to measure both the rate and directionality of the diffusion distributions of water molecules in tissue, which is believed to be an indicator of white matter microstructural integrity, particularly within the axons of neuronal cells.[7](#jah34895-bib-0007){ref-type="ref"} DTI is considered to be sensitive to loss of microstructural integrity in white matter before volumetric MRI is, because demyelination and cell death (as in WMHs) affect diffusion before the cells completely disappear (atrophy).[8](#jah34895-bib-0008){ref-type="ref"}, [9](#jah34895-bib-0009){ref-type="ref"} WMHs may statistically account for some aspects of white matter microstructural integrity,[10](#jah34895-bib-0010){ref-type="ref"}, [11](#jah34895-bib-0011){ref-type="ref"} suggesting that DTI measures and WMHs are on a continuum of the same pathological processes.

The elasticity of the aorta facilitates delivery of blood supply to peripheral tissues, dampening sudden oscillations in blood pressure associated with systolic ejection and continuing to promote flow during diastole.[12](#jah34895-bib-0012){ref-type="ref"} Although compliant and elastic during youth, the aorta stiffens with aging as a result of the remodeling of the arterial wall.[13](#jah34895-bib-0013){ref-type="ref"} Increased aortic stiffness, measured as carotid‐femoral pulse wave velocity (cfPWV), may lead to insufficient flow wave dampening and a transmission of excessive pulsatile energy into the microvascular bed, particularly in high‐flow, low‐impendence organs, such as the brain.[14](#jah34895-bib-0014){ref-type="ref"} Increased aortic stiffness has been reported to be associated with cognitive decline and dementia.[12](#jah34895-bib-0012){ref-type="ref"} Like other cardiovascular risk factors, such as hemoglobin A1c, hypertension, and total and low‐density lipoprotein cholesterol,[15](#jah34895-bib-0015){ref-type="ref"} cfPWV has been associated with WMH,[16](#jah34895-bib-0016){ref-type="ref"}, [17](#jah34895-bib-0017){ref-type="ref"}, [18](#jah34895-bib-0018){ref-type="ref"}, [19](#jah34895-bib-0019){ref-type="ref"}, [20](#jah34895-bib-0020){ref-type="ref"}, [21](#jah34895-bib-0021){ref-type="ref"}, [22](#jah34895-bib-0022){ref-type="ref"} although fewer studies have examined associations of aortic stiffness with white matter microstructural integrity measured with DTI.[18](#jah34895-bib-0018){ref-type="ref"}, [23](#jah34895-bib-0023){ref-type="ref"}, [24](#jah34895-bib-0024){ref-type="ref"}, [25](#jah34895-bib-0025){ref-type="ref"} Among the latter, the results have been inconsistent, and most studies were based on small study samples. Although results from 2 extant population‐based studies suggest that cfPWV is associated with lower fractional anisotropy (FA), an index of white matter microstructural integrity, the associations between cfPWV and mean diffusivity (MD), another important index of white matter microstructural integrity, remain unknown. In addition, the degree to which WMHs account for the associations between cfPWV and DTI measures needs to be further examined. Drawing on the large and well‐characterized cohort of European Americans and blacks in the ARIC‐NCS (Atherosclerosis Risk in Communities Neurocognitive Study), we aimed to test the hypothesis that higher aortic stiffness is associated with lower white matter microstructural integrity measured by DTI, in a cross‐sectional analysis of data from community‐dwelling older adults.

Methods {#jah34895-sec-0009}
=======

Because of the sensitive nature of the data collected for this study, requests to access the data set from qualified researchers trained in human subject confidentiality protocols may be sent to Collaborative Studies Coordinating Center at <csccmail@unc.edu>.

Study Population {#jah34895-sec-0010}
----------------

During 1987 to 1989, a total of 15 792 men and women, aged 44 to 64 years, were sampled to create a representative cohort of residents of 4 communities in the United States (Forsyth County, North Carolina; Jackson, MS; suburbs of Minneapolis, MN; and Washington County, Maryland).[26](#jah34895-bib-0026){ref-type="ref"} The present study is based on cross‐sectional data for ARIC Study cohort members who participated in the fifth examination of this cohort (2011--2013) and had data collected on aortic stiffness (measured as cfPWV) and white matter microstructural integrity (measured with DTI). All participants with evidence of cognitive impairment and a stratified random sample of cognitively normal participants were invited to complete a brain MRI scan (including DTI) as part of ARIC‐NCS at visit 5.[27](#jah34895-bib-0027){ref-type="ref"} The ARIC Study protocols were approved by the institutional review boards at each site. All participants provided written informed consent.

To ensure high quality of cfPWV measurements, we excluded from analyses participants with body mass index ≥40 kg/m^2^ (n=57), participants with evidence of a major arrhythmia on the 12‐lead ECG (Minnesota \[MN\] codes 8‐1‐3, 8‐3‐1, and 8‐3‐2) (n=46), and participants with aortic aneurysm, aortic stenosis, or aortic regurgitation (n=20). No study participant reported peripheral revascularization (assessed as an exclusion criterion). Individuals who self‐identified as Asian or American Indian, and as black at the Minnesota or Maryland centers, were excluded because of small numbers (n=12). In addition, we excluded those with prevalent stroke (n=44).

Aortic Stiffness {#jah34895-sec-0011}
----------------

Aortic stiffness was assessed as cfPWV using the VP‐1000 plus system (Omron Co, Ltd, Kyoto, Japan). Participants were required to fast for 8 hours, refrain from smoking, beverages with caffeine, and vigorous physical activity in the morning of the examination day, and bring all prescription and nonprescription medications taken within 2 weeks before the day of the examination visit.[28](#jah34895-bib-0028){ref-type="ref"} The measurement of cfPWV was conducted after participants were supine for approximately 10 minutes.[29](#jah34895-bib-0029){ref-type="ref"} The cfPWV was calculated using the following formula: path length (cm) = \[carotid‐femoral distance (cm)--(suprasternal notch--carotid distance (cm))\]/transit time. Compared with other path length measurements (eg, suprasternal notch‐to‐femoral distance minus suprasternal notch‐to‐carotid distance; and carotid‐to‐femoral distance), this formula shows a similar correlation with cardiovascular events.[30](#jah34895-bib-0030){ref-type="ref"} A minimum of 2 PWV measurements were taken, and the last 2 usable measurements (ie, nonzero values) were averaged. Repeated visits conducted among a subset of participants at each field center approximately 4 to 8 weeks apart (n=79; mean age, 75.7 years; 46 women) yielded an intraclass correlation coefficient and 95% CI for single measurements of 0.70 (0.59--0.81) for cfPWV and approximately 0.82 for averaged cfPWV measurements, according to the Spearman‐Brown formula.[28](#jah34895-bib-0028){ref-type="ref"}

Neuroimaging Information {#jah34895-sec-0012}
------------------------

DTI data were measured using 2.7‐mm slices for Skyra and Verio scanners and 3‐mm slices for Trio scanners.[31](#jah34895-bib-0031){ref-type="ref"} MD (mm^2^/s) represents the average rate of diffusion independent of the directionality, and FA (unitless) indicates the fraction of the tensor that can be assigned to anisotropic diffusion.[32](#jah34895-bib-0032){ref-type="ref"}, [33](#jah34895-bib-0033){ref-type="ref"} Higher MD and lower FA are thought to be independently related to damage in white matter microstructural integrity. Brain regions were defined by Lobar‐22 atlas, which is based on the STAND400 template.[34](#jah34895-bib-0034){ref-type="ref"} For each participant, regions of white matter were intersected tissue segmentations from T1‐weighted and fluid‐attenuated inversion recovery images. Calculation of FA and MD was based on voxels with \>50% probability of being white matter, including WMH regions. An upper cutoff of MD \<0.002 mm^2^/s was applied to exclude edge voxels that were primarily cerebrospinal fluid.[35](#jah34895-bib-0035){ref-type="ref"} We averaged FAs and MDs, separately, across atlas regions and then took a weighted average, with weights based on the number of voxels in each region of white matter, to create white matter FA and MD measures for regions of interest (ROIs), including frontal, temporal, occipital, and parietal lobes, the anterior and posterior corpus callosum, and an overall measure of all ROIs. WMH volume was measured using fluid‐attenuated inversion recovery MRI scan and quantified using an algorithm developed at Mayo Clinic, and reported as cm^3^.[36](#jah34895-bib-0036){ref-type="ref"}

Covariates {#jah34895-sec-0013}
----------

All covariates are based on data collected at visit 1 or visit 5 of the ARIC Study cohort examinations. The covariates were selected for their associations with both aortic stiffness and white matter microstructural integrity, including age (visit 5; years), sex (men/women), race‐center (black‐Mississippi, black--North Carolina, white--North Carolina, white‐Maryland, and white‐Minnesota), education (visit 1; below high school; high school/high school equivalent/vocational school; or any college), smoking status (visit 5; ever/never), alcohol drinking status (visit 5; ever/never), body mass index (visit 5; kg/m^2^), mean arterial pressure (visit 5; calculated as \[1/3\*systolic blood pressure\]+\[2/3\*diastolic blood pressure\]), diabetes mellitus (visit 5; yes/no; defined as fasting glucose \>126 mg/dL, nonfasting glucose \>200 mg/dL, self‐reported history of diabetes mellitus diagnosis by a physician, or diabetes mellitus medication use), self‐reported physical activity (visit 5; total min/wk), heart rate (visit 5; beats per minute), and low‐density lipoprotein (visit 5; mmol/dL). In addition, *APOE* genotype (E4 allele ≥1/\<1) was also included as a covariate given recent evidence that *APOE4* undermines white matter integrity.[37](#jah34895-bib-0037){ref-type="ref"}

Statistical Analysis {#jah34895-sec-0014}
--------------------

Participant characteristics at visit 5 were analyzed using *t*‐test or χ^2^ tests by the upper 25th percentile of cfPWV (cfPWV \<13.57 m/s). *t*‐Tests for FA and MD by categories cfPWV were also conducted. Pearson correlations between FAs and MDs, as well as of cfPWV with FAs and MDs, were estimated.

The ARIC‐NCS MRI sampling weights, which were derived to represent all participants at visit 5, were applied in the analysis. Weighted linear regression models were used to assess the associations of cfPWV as a continuous variable with z‐scores of DTI measures of overall and regional white matter microstructural integrity (FA and MD). Four sets of analytic models were used. Model 1 was unadjusted; model 2 was adjusted for WMH volumes alone to show to what extent WMH volumes accounted for the unadjusted association between cfPWV and DTI measures; model 3 was adjusted for all covariates, except WMH volumes (age, sex, race‐center, education, *APOE* genotype, smoking status, alcohol drinking status, body mass index, mean arterial pressure, diabetes mellitus, heart rate, and low‐density lipoprotein); and model 4 was adjusted for all covariates. The analyses of the associations were stratified by amount of cognitive status (normal or mild cognitive impairment/dementia) and WMH volume (upper 25th percentile of WMH volume or lower 25th percentile of WMH volume). Also, we conducted sensitivity analyses on white matter microstructural integrity of each region with further adjusting for that of other regions.

In addition to the associations of continuous cfPWV with white matter microstructural integrity, we examined the association of elevated cfPWV with white matter microstructural integrity. We implemented a 60% to 40% split of the data set. We used the first data set to define elevated (versus nonelevated) aortic stiffness as the upper 25th percentile, and then used this threshold value to examine the associations of elevated cfPWV with white matter microstructural integrity in the 40% data set.

β Values and 95% CIs were used to summarize associations. All analyses were conducted using SAS 9.4 (SAS Institute, Cary, NC).

Results {#jah34895-sec-0015}
=======

After exclusions, 1484 participants remained in the analytic set ([Figure S1](#jah34895-sup-0001){ref-type="supplementary-material"}). Compared with the ARIC Study visit 5 examinees, our analytic sample had a greater proportion of blacks/study participants from the Jackson, MS, center (28% versus 22%), a smaller proportion of participants from the Minneapolis center (22% versus 31%), a greater proportion of participants with mild cognitive impairment (32.4% versus 19.3%) and dementia (4.3% versus 2.8%), and reported lower levels of leisure‐time physical activity (181 versus 192 min/wk) ([Table S1](#jah34895-sup-0001){ref-type="supplementary-material"}). A profile of the participants' characteristics is provided in Table [1](#jah34895-tbl-0001){ref-type="table"}. The mean age was 76 years, 40% were men, and 28.6% were black. Compared with participants with cfPWV \<13.57 m/s, those with elevated cfPWV were older, more likely to be black, and less likely to have completed high school. In addition, participants with greater cfPWV were less likely to consume alcohol and spent less time engaging in leisure‐time physical activities, while being more likely to have diabetes mellitus and higher mean arterial pressure. The WMH volume was, on average, larger among those with elevated, compared with nonelevated, cfPWV.

###### 

Characteristics of the Study Participants at Visit 5 of the ARIC Study Overall and by the Upper 25th Percentile of cfPWV (n=1484)[a](#jah34895-note-0003){ref-type="fn"}

  Characteristics                                           All (n=1484)   Elevated Stiffness (cfPWV ≥13.57 m/s) (n=372)        Nonelevated Stiffness (cfPWV \<13.57 m/s) (n=1112)
  --------------------------------------------------------- -------------- ---------------------------------------------------- ----------------------------------------------------
  Age, mean±SD, y                                           76.1±5.2       78.0±5.2[b](#jah34895-note-0004){ref-type="fn"}      75.5±5.1[b](#jah34895-note-0004){ref-type="fn"}
  Sex, men, n (%)                                           597 (40.2)     162 (43.6)                                           435 (39.1)
  Race, blacks, n (%)                                       425 (28.6)     156 (41.9)[b](#jah34895-note-0004){ref-type="fn"}    269 (24.2)[b](#jah34895-note-0004){ref-type="fn"}
  Center, n (%)                                                                                                                 
  Forsyth County, North Carolina                            352 (23.7)     82 (23.3)[b](#jah34895-note-0004){ref-type="fn"}     270 (24.3)[b](#jah34895-note-0004){ref-type="fn"}
  Jackson, MS                                               403 (27.2)     152 (40.9)[b](#jah34895-note-0004){ref-type="fn"}    251 (22.6)[b](#jah34895-note-0004){ref-type="fn"}
  Minneapolis, MN                                           327 (22.0)     53 (14.3)[b](#jah34895-note-0004){ref-type="fn"}     274 (24.6)[b](#jah34895-note-0004){ref-type="fn"}
  Washington County, Maryland                               402 (27.1)     85 (22.9)[b](#jah34895-note-0004){ref-type="fn"}     317 (28.5)[b](#jah34895-note-0004){ref-type="fn"}
  Education, high school or above, n (%)                                                                                        
  Below high school                                         198 (13.2)     76 (20.4)[b](#jah34895-note-0004){ref-type="fn"}     122 (11.0)[b](#jah34895-note-0004){ref-type="fn"}
  High school                                               612 (41.3)     155 (41.7)[b](#jah34895-note-0004){ref-type="fn"}    457 (41.2)[b](#jah34895-note-0004){ref-type="fn"}
  College or above                                          672 (45.3)     141 (37.9)[b](#jah34895-note-0004){ref-type="fn"}    531 (47.9)[b](#jah34895-note-0004){ref-type="fn"}
  Body mass index, mean±SD, kg/m^2^                         27.7±4.5       27.5±4.7                                             27.7±4.4
  Ever smoking, n (%)                                       785 (55.1)     191 (53.5)                                           594 (55.6)
  Ever drinking, n (%)                                      1119 (76.0)    260 (70.3)[b](#jah34895-note-0004){ref-type="fn"}    859 (78.0)[b](#jah34895-note-0004){ref-type="fn"}
  Mean arterial pressure, mean±SD, mm Hg                    87.8±11.4      91.8±11.9[b](#jah34895-note-0004){ref-type="fn"}     86.4±10.9[b](#jah34895-note-0004){ref-type="fn"}
  Hypertension, n (%)                                       1080 (73.4)    314 (85.1)[b](#jah34895-note-0004){ref-type="fn"}    766 (69.5)[b](#jah34895-note-0004){ref-type="fn"}
  Use of antihypertensive drug, n (%)                       1083 (73.0)    303 (81.5)[b](#jah34895-note-0004){ref-type="fn"}    780 (70.1)[b](#jah34895-note-0004){ref-type="fn"}
  Diabetes mellitus, n (%)                                  392 (26.7)     133 (36.2)[b](#jah34895-note-0004){ref-type="fn"}    259 (23.5)[b](#jah34895-note-0004){ref-type="fn"}
  Heart rate, mean±SD, bpm                                  64.5±11.0      67.6±11.5[b](#jah34895-note-0004){ref-type="fn"}     63.4±10.7[b](#jah34895-note-0004){ref-type="fn"}
  Total physical activity, mean±SD, min/wk                  180.9±176.6    138.3±163.3[b](#jah34895-note-0004){ref-type="fn"}   195.3±178.6[b](#jah34895-note-0004){ref-type="fn"}
  Volume of white matter hyperintensities, mean±SD, cm^3^   16.4±16.4      20.9±19.6[b](#jah34895-note-0004){ref-type="fn"}     14.9±14.9[b](#jah34895-note-0004){ref-type="fn"}
  *APOE*, n (%)                                                                                                                 
  *APOE4* ≥1                                                1003 (69.9)    254 (70.7)                                           749 (69.7)
  *APOE4* \<1                                               431 (30.1)     105 (29.3)                                           326 (30.3)

ARIC indicates Atherosclerosis Risk in Communities; bpm, beats per minute; cfPWV, carotid‐femoral pulse wave velocity.

The *t*‐test was conducted for continuous variables, and the χ^2^ test was conducted for categorical variables.

Statistical significance. Hypertension is defined as systolic blood pressure ≥140 mm Hg, diastolic blood pressure ≤90 mm Hg, and/or self‐reported antihypertensive medication use.

The FAs of all regions were lower, and MDs of all regions were higher, among participants excluded from analyses, compared with those included ([Table S2](#jah34895-sup-0001){ref-type="supplementary-material"}). The FA and MD values overall and in all ROIs were approximately normally distributed. FA was negatively correlated with MD overall (*r*=−0.75; *P*\<0.0001) ([Table S3](#jah34895-sup-0001){ref-type="supplementary-material"}). The volume of WMHs was negatively correlated with overall FA (*r*=−0.45; *P*\<0.0001), and positively correlated with overall MD (*r*=0.44; *P*\<0.0001). cfPWV was negatively correlated to FAs and positively correlated to MDs ([Figure S2](#jah34895-sup-0001){ref-type="supplementary-material"}).

Aortic Stiffness and FA {#jah34895-sec-0016}
-----------------------

The unadjusted linear regression models examining the association of incremental cfPWV with FAs (model 1) indicated that each 1‐m/s higher cfPWV was associated with lower FA overall and in all ROIs. When the models were adjusted for all covariates, except WMH volume (model 3), the associations remained statistically significant for overall (β=−0.03; 95% CI, −0.05 to −0.02), and all regions except for anterior corpus callosum (Table [2](#jah34895-tbl-0002){ref-type="table"}). The patterns of associations remained for overall as well as frontal lobe, temporal lobe, and parietal lobe after further adjustment for WMH volume (model 4). Stratified by cognitive impairment status (normal versus mild cognitive impairment \[MCI\] or dementia), cfPWV was associated with lower overall FA and FA at the frontal lobe, temporal lobe, and parietal lobe among participants with normal cognitive function; and associations were present in the posterior corpus callosum, frontal lobe, occipital lobe, and overall FA among participants with mild cognitive impairment or dementia ([Table S4](#jah34895-sup-0001){ref-type="supplementary-material"}). Stratified by quartiles of volume of WMH, cfPWV was associated with lower FAs in the frontal, temporal, occipital, and parietal lobes, as well as overall FA among participants with high volume of WMH (defined as upper 25th percentile). No statistically significant association between cfPWV and FA was observed among participants with low volumes of WMH (defined as the lower 25th percentile) ([Table S5](#jah34895-sup-0001){ref-type="supplementary-material"}). Sensitivity analysis showed that cfPWV was associated with lower FA in temporal lobe after adjustment for FAs of other regions ([Table S6](#jah34895-sup-0001){ref-type="supplementary-material"}).

###### 

Associations of cfPWV (per 1‐m/s Increment) With FA, Estimated by Linear Regression (n=1484)

  Regions of FA               Model 1                                                         Model 2                                           Model 3                                                          Model 4                                                                                                                                                                                                                               
  --------------------------- --------------------------------------------------------------- ------------------------------------------------- ---------------------------------------------------------------- ------------------------------------------------- ---------------------------------------------------------------- ------------------------------------------------- ---------------------------------------------------------------- -----------------------------------------------
  Anterior corpus callosum    −0.04 (−0.05 to −0.02)[a](#jah34895-note-0006){ref-type="fn"}   \<0.0001[a](#jah34895-note-0006){ref-type="fn"}   −0.03 (−0.05 to −0.01)[a](#jah34895-note-0006){ref-type="fn"}    0.0003[a](#jah34895-note-0006){ref-type="fn"}     −0.02 (−0.03 to 0.001)                                           0.07                                              −0.01 (−0.03 to 0.003)                                           0.11
  Posterior corpus callosum   −0.03 (−0.04 to −0.01)[a](#jah34895-note-0006){ref-type="fn"}   0.001[a](#jah34895-note-0006){ref-type="fn"}      −0.02 (−0.03 to −0.001)[a](#jah34895-note-0006){ref-type="fn"}   0.04[a](#jah34895-note-0006){ref-type="fn"}       −0.02 (−0.04 to −0.002)[a](#jah34895-note-0006){ref-type="fn"}   0.03[a](#jah34895-note-0006){ref-type="fn"}       −0.02 (−0.03 to 0.002)                                           0.08
  Frontal lobe                −0.06 (−0.07 to −0.04)[a](#jah34895-note-0006){ref-type="fn"}   \<0.0001[a](#jah34895-note-0006){ref-type="fn"}   −0.03 (−0.04 to −0.02)[a](#jah34895-note-0006){ref-type="fn"}    \<0.0001[a](#jah34895-note-0006){ref-type="fn"}   −0.03 (−0.05 to −0.01)[a](#jah34895-note-0006){ref-type="fn"}    0.0003[a](#jah34895-note-0006){ref-type="fn"}     −0.02 (−0.04 to −0.01)[a](#jah34895-note-0006){ref-type="fn"}    0.01
  Temporal lobe               −0.03 (−0.05 to −0.01)[a](#jah34895-note-0006){ref-type="fn"}   0.0002[a](#jah34895-note-0006){ref-type="fn"}     −0.02 (−0.03 to 0.0001)                                          0.05                                              −0.04 (−0.06 to −0.02)[a](#jah34895-note-0006){ref-type="fn"}    \<0.0001[a](#jah34895-note-0006){ref-type="fn"}   −0.03 (−0.05 to −0.01)[a](#jah34895-note-0006){ref-type="fn"}    0.0003[a](#jah34895-note-0006){ref-type="fn"}
  Occipital lobe              −0.03 (−0.05 to −0.01)[a](#jah34895-note-0006){ref-type="fn"}   0.001[a](#jah34895-note-0006){ref-type="fn"}      −0.02 (−0.04 to −0.003)[a](#jah34895-note-0006){ref-type="fn"}   0.02[a](#jah34895-note-0006){ref-type="fn"}       −0.02 (−0.04 to −0.004)[a](#jah34895-note-0006){ref-type="fn"}   0.02[a](#jah34895-note-0006){ref-type="fn"}       −0.02 (−0.04 to 0.0001)                                          0.05
  Parietal lobe               −0.04 (−0.06 to −0.02)[a](#jah34895-note-0006){ref-type="fn"}   \<0.0001[a](#jah34895-note-0006){ref-type="fn"}   −0.01 (−0.03 to 0.002)                                           0.08                                              −0.03 (−0.04 to −0.01)[a](#jah34895-note-0006){ref-type="fn"}    0.002[a](#jah34895-note-0006){ref-type="fn"}      −0.02 (−0.03 to −0.001)[a](#jah34895-note-0006){ref-type="fn"}   0.03[a](#jah34895-note-0006){ref-type="fn"}
  Overall                     −0.05 (−0.07 to −0.03)[a](#jah34895-note-0006){ref-type="fn"}   \<0.0001[a](#jah34895-note-0006){ref-type="fn"}   −0.03 (−0.04 to −0.01)[a](#jah34895-note-0006){ref-type="fn"}    0.001[a](#jah34895-note-0006){ref-type="fn"}      −0.03 (−0.05 to −0.02)[a](#jah34895-note-0006){ref-type="fn"}    0.0001[a](#jah34895-note-0006){ref-type="fn"}     −0.02 (−0.04 to −0.01)[a](#jah34895-note-0006){ref-type="fn"}    0.002[a](#jah34895-note-0006){ref-type="fn"}

Model 1, unadjusted. Model 2, adjusted for volume of white matter hyperintensities. Model 3, adjusted for age, sex, race‐center, education, *APOE* genotype, ever smoking, ever drinking, body mass index, mean arterial pressure, diabetes mellitus, physical activity (total min/wk), low‐density lipoprotein cholesterol, and heart rate. Model 4, adjusted for factors included in model 2 and model 3. cfPWV indicates carotid‐femoral pulse wave velocity; FA, fractional anisotropy.

Statistical significance. The β is the difference (unadjusted for model 1 and adjusted for model 2 to model 4) of FA values for each 1‐m/s cfPWV increment.

Aortic Stiffness and MD {#jah34895-sec-0017}
-----------------------

The unadjusted linear regression models (model 1) on incremental cfPWV and MDs indicated that each 1‐m/s higher cfPWV was associated with higher MD in all ROIs and overall regions. When the models were adjusted for demographic, lifestyle, and clinical covariates (model 3), the associations remained statistically significant for overall measure (β=0.03; 95% CI, 0.02--0.04) and all regions (Table [3](#jah34895-tbl-0003){ref-type="table"}). The patterns of associations remained the same with model 3 after further adjustment for WMH volume (model 4). In analyses stratified by cognitive status, cfPWV was associated with higher MDs in overall MD and all regions among participants with normal cognitive function, whereas no association between cfPWV and MD was found among participants with mild cognitive impairment or dementia ([Table S7](#jah34895-sup-0001){ref-type="supplementary-material"}). Once stratified by volume of WMH, cfPWV was associated with higher overall MD and MDs in the frontal, temporal, and occipital lobes among participants with high volume of WMH; and associations were found between cfPWV and MDs in the anterior corpus callosum, posterior corpus callosum, and temporal lobe among those with low volume of WMH (defined as lower 25th percentile) ([Table S8](#jah34895-sup-0001){ref-type="supplementary-material"}). Sensitivity analysis showed no significant association between cfPWV and MDs after adjustment for MDs of other regions ([Table S9](#jah34895-sup-0001){ref-type="supplementary-material"}).

###### 

Associations of cfPWV (per 1‐m/s Increment) With MD, Estimated by Linear Regression (n=1484)

  Regions of MD               Model 1                                                       Model 2                                           Model 3                                                       Model 4                                                                                                                                                                                                                        
  --------------------------- ------------------------------------------------------------- ------------------------------------------------- ------------------------------------------------------------- ------------------------------------------------- ------------------------------------------------------------ ------------------------------------------------- ------------------------------------------------------------- -----------------------------------------------
  Anterior corpus callosum    0.04 (0.03 to 0.06)[a](#jah34895-note-0008){ref-type="fn"}    \<0.0001[a](#jah34895-note-0008){ref-type="fn"}   0.04 (0.02 to 0.05)[a](#jah34895-note-0008){ref-type="fn"}    \<0.0001[a](#jah34895-note-0008){ref-type="fn"}   0.02 (0.01 to 0.04)[a](#jah34895-note-0008){ref-type="fn"}   0.002[a](#jah34895-note-0008){ref-type="fn"}      0.02 (0.01 to 0.04)[a](#jah34895-note-0008){ref-type="fn"}    0.003[a](#jah34895-note-0008){ref-type="fn"}
  Posterior corpus callosum   0.02 (0.003 to 0.04)[a](#jah34895-note-0008){ref-type="fn"}   0.02[a](#jah34895-note-0008){ref-type="fn"}       0.01 (−0.003 to 0.03)                                         0.10                                              0.02 (0.01 to 0.04)[a](#jah34895-note-0008){ref-type="fn"}   0.003[a](#jah34895-note-0008){ref-type="fn"}      0.02 (0.01 to 0.04)[a](#jah34895-note-0008){ref-type="fn"}    0.01[a](#jah34895-note-0008){ref-type="fn"}
  Frontal lobe                0.06 (0.04 to 0.07)[a](#jah34895-note-0008){ref-type="fn"}    \<0.0001[a](#jah34895-note-0008){ref-type="fn"}   0.03 (0.02 to 0.04)[a](#jah34895-note-0008){ref-type="fn"}    \<0.0001[a](#jah34895-note-0008){ref-type="fn"}   0.03 (0.02 to 0.05)[a](#jah34895-note-0008){ref-type="fn"}   \<0.0001[a](#jah34895-note-0008){ref-type="fn"}   0.02 (0.01 to 0.04)[a](#jah34895-note-0008){ref-type="fn"}    0.001
  Temporal lobe               0.05 (0.03 to 0.06)[a](#jah34895-note-0008){ref-type="fn"}    \<0.0001[a](#jah34895-note-0008){ref-type="fn"}   0.03 (0.01 to 0.04)[a](#jah34895-note-0008){ref-type="fn"}    0.0003[a](#jah34895-note-0008){ref-type="fn"}     0.03 (0.02 to 0.04)[a](#jah34895-note-0008){ref-type="fn"}   \<0.0001[a](#jah34895-note-0008){ref-type="fn"}   0.02 (0.01 to 0.04)[a](#jah34895-note-0008){ref-type="fn"}    0.0004[a](#jah34895-note-0008){ref-type="fn"}
  Occipital lobe              0.04 (0.03 to 0.06)[a](#jah34895-note-0008){ref-type="fn"}    \<0.0001[a](#jah34895-note-0008){ref-type="fn"}   0.03 (0.02 to 0.05)[a](#jah34895-note-0008){ref-type="fn"}    \<0.0001[a](#jah34895-note-0008){ref-type="fn"}   0.02 (0.01 to 0.04)[a](#jah34895-note-0008){ref-type="fn"}   0.01[a](#jah34895-note-0008){ref-type="fn"}       0.02 (0.001 to 0.03)[a](#jah34895-note-0008){ref-type="fn"}   0.03[a](#jah34895-note-0008){ref-type="fn"}
  Parietal lobe               0.04 (0.03 to 0.06)[a](#jah34895-note-0008){ref-type="fn"}    \<0.0001[a](#jah34895-note-0008){ref-type="fn"}   0.02 (0.003 to 0.03)[a](#jah34895-note-0008){ref-type="fn"}   0.02[a](#jah34895-note-0008){ref-type="fn"}       0.03 (0.01 to 0.04)[a](#jah34895-note-0008){ref-type="fn"}   0.001[a](#jah34895-note-0008){ref-type="fn"}      0.02 (0.004 to 0.03)[a](#jah34895-note-0008){ref-type="fn"}   0.01[a](#jah34895-note-0008){ref-type="fn"}
  Overall                     0.05 (0.04 to 0.07)[a](#jah34895-note-0008){ref-type="fn"}    \<0.0001[a](#jah34895-note-0008){ref-type="fn"}   0.03 (0.01 to 0.04)[a](#jah34895-note-0008){ref-type="fn"}    0.0001[a](#jah34895-note-0008){ref-type="fn"}     0.03 (0.02 to 0.04)[a](#jah34895-note-0008){ref-type="fn"}   \<0.0001[a](#jah34895-note-0008){ref-type="fn"}   0.02 (0.01 to 0.03)[a](#jah34895-note-0008){ref-type="fn"}    0.001[a](#jah34895-note-0008){ref-type="fn"}

Model 1, unadjusted. Model 2, adjusted for volume of white matter hyperintensities. Model 3, adjusted for age, sex, race‐center, education, *APOE* genotype, ever smoking, ever drinking, body mass index, mean arterial pressure, diabetes mellitus, physical activity (total min/wk), low‐density lipoprotein cholesterol, and heart rate. Model 4, adjusted for factors included in model 2 and model 3. cfPWV indicates carotid‐femoral pulse wave velocity; MD, mean diffusivity.

Statistical significance. The β is the difference (unadjusted for model 1 and adjusted for model 2 to model 4) of MD values for each 1‐m/s cfPWV increment.

Elevated cfPWV and FA {#jah34895-sec-0018}
---------------------

In unadjusted models (model 1) and models adjusted for WMH volumes only (model 2), elevated cfPWV (cfPWV ≥13.65 m/s) compared with nonelevated cfPWV was associated with lower FAs in all ROIs. After adjustment for demographic, lifestyle, and clinical covariates (model 3), the associations remained statistically significant for the overall measure (β=−0.40; 95% CI, −0.61 to −0.20) and all regions ([Table S10](#jah34895-sup-0001){ref-type="supplementary-material"}, [Figure](#jah34895-fig-0001){ref-type="fig"}---Panel A). The patterns of associations remained statistically significant after further adjusting for WMH volume, except for posterior corpus callosum (model 4).

![The adjusted difference of fractional anisotropy (**A**) and mean diffusivity (**B**) by high and nonhigh carotid‐femoral pulse wave velocity for overall brain region and specific regions of interest (figures were based on model 3).](JAH3-9-e014868-g001){#jah34895-fig-0001}

Elevated cfPWV and MD {#jah34895-sec-0019}
---------------------

Elevated cfPWV was associated with higher MDs in unadjusted models (model 1) for all ROIs. After adjustment for demographic, lifestyle, and clinical covariates (model 3), the associations remained statistically significant for overall measure (β=0.27; 95% CI, 0.10--0.43) and all regions ([Table S11](#jah34895-sup-0001){ref-type="supplementary-material"}, [Figure](#jah34895-fig-0001){ref-type="fig"}---Panel B). After further adjustment for WMH volume (model 4), except for temporal lobe and occipital lobe, all the associations remained.

Discussion {#jah34895-sec-0020}
==========

In this cross‐sectional analysis of a sample of community‐dwelling older white and black adults in the United States, we found an association of greater aortic stiffness with lower cerebral white matter microstructural integrity (ie, lower FAs and high MDs) overall and in different regions of the cerebrum. The associations were independent of potential confounders, including education and other demographic factors, lifestyle factors, and phenotypes related to vascular diseases (ie, hypertension and diabetes mellitus). WMH volume partially accounts for the associations between aortic stiffness and lower cerebral white matter microstructural integrity, but associations remain after adjusting for WMH volume.

The results of our cross‐sectional study are consistent with prior cross‐sectional studies,[23](#jah34895-bib-0023){ref-type="ref"}, [24](#jah34895-bib-0024){ref-type="ref"}, [25](#jah34895-bib-0025){ref-type="ref"} although the effect sizes of associations in our study were smaller, which may be because of younger age of participants with lower aortic stiffness in the prior studies. However, evidence from population‐based studies is sparse. Our results agree with those of Maillard et al,[38](#jah34895-bib-0038){ref-type="ref"} who reported higher cfPWV to be associated with lower regional FA in a study of a young cohort composed of mostly white participants. In the Health ABC (Health, Aging and Body Composition) Study of 303 older adults (mean age, 82.9 years; 41% black), Rosano et al[18](#jah34895-bib-0018){ref-type="ref"} reported that high cfPWV was correlated with low total cerebral FA, although the association was not statistically supported after adjustment for total WMH. These findings differ from what we reported in our study. We attribute these disparate results to differences in study design, as well as different methods of measurement for cfPWV. The Health ABC Study was a cross‐temporal analysis of cfPWV measured 10 years before the assessment of white matter lesions in association with white matter structural integrity. Although this study supports a temporal association between cfPWV and loss of white matter structural integrity, it does not directly assess how past aortic stiffness may be associated with later white matter integrity.

Hemodynamic factors likely play a role in the association between aortic stiffness and cerebral white matter integrity. The age‐related process of aortic stiffening increases pulsatility, facilitating transmission of excessive pulse pressure into the cerebral circulation. This may trigger microvascular changes that limit flow, leading to ischemia and neural damage.[14](#jah34895-bib-0014){ref-type="ref"}, [21](#jah34895-bib-0021){ref-type="ref"}

Our results show that volume of WMHs partially accounts for the associations between aortic stiffness and cerebral white matter microstructural integrity, which is consistent with previous findings that macrostructural and microstructural cerebral white matter degeneration reflect the same underlying pathophysiological changes.[39](#jah34895-bib-0039){ref-type="ref"} Also, our study has shown that the associations between aortic stiffness and white matter microstructural integrity were stronger among participants with higher WMH volume, which suggests cfPWV may be a better indicator of poorer white matter microstructural integrity with poorer macrostructural integrity.

Our study showed that the associations between cfPWV and white matter microstructural integrity were stronger among participants with normal cognitive function, particularly for MDs, although this may be because of a larger sample size of those with normal cognition. The associations of aortic stiffness with white matter microstructural integrity by cognitive status deserve further investigation.

Our study has public health relevance. Because DTI appears to detect white matter changes in an earlier stage than what can be observed through traditional MRI, FA and MD may be better indexes of the impact of hemodynamic changes on the brain, facilitating early detection of pathological changes in white matter. Future research should also consider the potential for cfPWV as an important risk factor for loss of cerebral white matter microstructural integrity, with its downstream manifestations of cognitive decline and dementia. On the basis of our analytic sample, each 1‐m/s increment in cfPWV was associated with a decrease in cerebral white matter microstructural integrity in a linear manner, suggesting the absence of thresholds below which cfPWV is not associated with lower white matter integrity. Given these results, replication in longitudinal studies of aortic stiffness and change of white matter microstructural integrity is needed. If confirmed, cfPWV should be considered as an intervention target for opportunities to reduce aortic stiffness across the range of the measurement, not only among those with high cfPWV. Several studies have shown that aortic stiffness can be reduced via pharmacologic agents[40](#jah34895-bib-0040){ref-type="ref"}, [41](#jah34895-bib-0041){ref-type="ref"} and nonpharmacological interventions.[42](#jah34895-bib-0042){ref-type="ref"}, [43](#jah34895-bib-0043){ref-type="ref"}, [44](#jah34895-bib-0044){ref-type="ref"} In addition, given the smaller effect sizes of the associations in our study, compared with those reported by previous studies based on data for young adults, efforts to reduce aortic stiffness may be most beneficial for brain health well before older adulthood, such as during midlife.

Our study has several strengths. The study\'s large, population‐based number of examinees facilitates generalizability to community‐dwelling older adults. Furthermore, data collection was based on standardized protocols administered by trained personnel, and used validated measurements for aortic stiffness, as well as white matter microstructural and macrostructural integrity.

The main limitation of our study is its cross‐sectional design, which limits causal inferences about the association of aortic stiffness with cerebral white matter microstructural integrity among older adults; and possibilities that participants with white matter related disease (eg, depression) may affect cfPWV with poor lifestyle cannot be excluded. Moreover, all participants in this study had some degree of WMH, preventing the study of associations between cfPWV and DTI measures in the absence of WMH. However, our sensitivity analysis identified the difference in associations at high and low WMH volumes. Last, this study is restricted to older adults who were survivors from the start of the ARIC Study, subject to selection bias.

Conclusions {#jah34895-sec-0021}
===========

In conclusion, higher aortic stiffness is associated with lower cerebral white matter microstructural integrity among older adults. Future research should examine the longitudinal association of aortic stiffness with white matter microstructural integrity, as well as the potential opportunity for preservation of white matter microstructural integrity through the lowering of aortic stiffness.

Sources of Funding {#jah34895-sec-0023}
==================
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